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A study on holography using light eld camera and compressed
sensing
Yutaka Endo
Abstract: Holography is a technique to record and reconstruct wavefronts and used to
three-dimensional display and sensing. In recent years, many advanced imaging techniques
have been developed and applied in holography, such as light eld imaging and compressed
sensing. This study is related to applications of those imaging techniques in holography.
Specically, this study shows (1) hologram generation of real scenes using a light eld camera
and (2) fast computation for compressed sensing in holography called compressive holography.
As for (1), I developed a method to calculate holograms of real scenes using a commercial
portable light eld camera, Lytro. Since Lytro is compact and easy-to-use, we can easily con-
struct a portable capture system to obtain light elds for hologram generation. The proposed
method uses the hologram calculation based on ray-sampling planes where we convert light
elds captured with Lytro into wavefronts and generate holograms from those wavefronts.
I tested both numerical and optical reconstructions of the holograms and showed that the
hologram calculation from captured data with Lytro was successful.
As for (2), I developed fast signal reconstruction in compressive holography using a graph-
ics processing unit (GPU). Although signal reconstruction in compressive holography requires
high computational cost due to large data sizes, GPU-based parallel computing eciently
accelerates it. I developed GPU-accelerated signal reconstruction for two applications in com-
pressive holography and achieved 20{30 times speed-up over a normal processor.
Key words : holography, light eld imaging, compressed sensing, computer-generated
hologram, compressive holography, GPU computing
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? 2?
??????
2.1 ????????????????
?????? (holography)??1948??Dennis Gabor??????????????????
?????????????????? [1]???????????????????? (hologram)
????????????????????????????????????????????
????????????????????????????????????????????
????????????3???????? [13{16]??????????? [17{19]?????
???? [20, 21]?????? [22{25]??????? [26, 27]????????????????
Goodman?????????[27]????????????????????????
??????????????????????????? 2.1 ?????????????
??????????????????????????????????????? (???
object wave)??????? (? 2.1(a))?????????????????????????
??????? (??? reference wave)???????????????? (interferometry)?
???????? a (r)???? A (r)?????
a (r) = ja (r)j exp [ (r)]
A (r) = jA (r)j exp [ (r)]
????????????????? I (r)??
I (r) = jA (r) + a (r)j2
= jA (r)j2 + ja (r)j2 +A (r) a (r) +A (r) a (r)
= jA (r)j2 + ja (r)j2 + 2 jA (r)j ja (r)j cos [ (r)   (r)]
????????A ? A????????????????????????????????
?????????????????????????????????????????????
??????????????????????????????????????????
tA ???????????????????????????????????? jAj2 ????
???????
tA = tb + 
0

jaj2 +Aa+Aa

3
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wave
(a)
Hologram
Reconstructed
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Reconstruction
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? 2.1: ??????: (a) ?????(b) ?????
????????tb ???????????????? jAj2 ????????????????
0 ?????????????????????????
??????????????????????????? (reconstruction wave)?????
????????????? (? 2.1(b))????? B ?????
BtA = tbB + 
0B jaj2 + 0BAa+ 0BAa
?????????????????????????????? (B = A)?
BtA = tbA+ 
0A jaj2 + 0 jAj2 a+ 0A2a (2.1)
????? 3?????????????????????? a???????????????
????????????????????????????????????????????
?????????? (B = A)?
BtA = tbA
 + 0A jaj2 + 0 (A)2 a+ 0 jAj2 a (2.2)
????? 4??????????????????????????? a ?????????
????????????????????????? (?????) ????????????
?????????? (2.1), (2.2)????????????????? 3??????????
????????????????????????????????????????????
????????????????????????????????????????????
????????????????????? Leith ? Upatnieks ??????? [28] ????
Leith-Upatnieks????????????????
2.2 ????????
????????????? 3????????????3????????????????
?? ([29], [30]? Figure 8??)?????????????? 3??????????????
?????????????????????????????????????? 3?????
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Laser Reconstruction wave
3D model Computing system CGH
SLM
Viewer
3D image
? 2.2: ????????: 3D????????? CGH? SLM?????????3????
?????
????????????? 3 ?????????????????????????????
3D??????????????????????????????????????????
???????????? 3D?????????? 3D??????????????????
???????????????????? [13{16]?
???????? (electro-holography)??????????? 3D????????????
???????????????????????????????????????? (SLM:
Spatial Light Modulator)?????????????????????? (? 2.2)??????
????????????????????????????????????????????
???????????????????????????SLM??????????????
??????????????3??????????????SLM?????????????
????????????? (LCD: Liquid Crystal Display), LCoS (Liquid Crystal on Silicon),
???????? (AOM: Acousto-Optic Modulator), DMD (Digital Micromirror Device)??
????SLM?????????????????????????????????????
??????????????????????? (CGH: Computer-Generated Hologram) ?
??????? CGH??????????????????????????????????
???????????????????????
???????? 3D????????????????????????SLM??????
?????????????? 3D????????????????????????????
???????????????????????????????????????????
????????????????????????????????? [13] ????????
(???? 0:5m??? 60)????????1012 ??????? (100? 100?????)??
???????????????????? SLM?????????????????????
SLM?????????????????????????? SLM?????????????
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???????????????????? [31, 32]????????????????????
(photorefractive polymer)????? 4??? (? 10 cm)?????????????????
? [33, 34]????????? (metasurface)????????? [35, 36]?????????
???????? 3D???????????????????????CGH???????
??????? SLM???????????????? 3D????????????????
????????????????????????????????? CGH????????
???????????????????????????????? 3???????????
?????????????????????? 30????/?? 60????/?? CGH???
???????????????????????? CGH?????????????????
?????????????????? [37, 38]??GPU[39, 40]? FPGA (Field Programmable
Gate Array)[41, 42]????????????????????????????
2.3 ??????????
?????????? (DH: Digital Holography)?????????????????? CCD
(Charge-Coupled Device) ???????????????????????????????
???????????????????????? (? 2.3)[17, 18, 43]??????????
????????????????????????1967?? Goodman??????????
[44]?CCD????????? 1994?? Schnars? Jueptner???????? [45]?DH??
?????????????? (?????????)???????????????????
????????????????????????????????????????????
?????????????????????????????????????????? 3?
????????????????????????????????????????????
???????? [46]??????????????????????????????????
???????????????????????????????????????????
?????? 2.3 ???Mach-Zhender ?????????????????????? (inline
hologram)???????????????????????? (o-axis holography)????
?????????????
???????????????????????????????????????????
z = 0?????????? U (x; y; 0)??????????? z ??????? U (x; y; z)??
??????????????U (x; y; z)?????????????
U(x; y; z) =
ejkz
jz
ZZ 1
 1
U (; ; 0) exp

j
k
2z
h
(x  )2 + (y   )2
i
dd (2.3)
??????? ???? k = 2=???????????????????????????
???????????????????????????????????
?????????????????????? U(x; y; z)?????????????
U(x; y; z) =
ZZ 1
 1
A(fx; fy; 0)H(fx; fy) exp[j2(fxx+ fyy)]dfxdfy
????
A(fx; fy; 0) =
ZZ 1
 1
U(x; y; 0) exp[ j2(fxx+ fyy)]dxdy
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BE
? 2.3: ??????????: ??????????????????????????????
?????? (BS: Beam Splitter, BE: Beam Expander)?
H (fx; fy) =
8<:exp

jkz
q
1  (fx)2   (fy)2
 q
f2x + f
2
y < 1=
0 otherwise
????????????????? H (fx; fy) ??????? (LTI: Linear Translation-
Invariant)?????????????????????????????? U (x; y; 0)????
????????? H (fx; fy)?????????????????????????????
???????????????????????????????????????????
?? w??????????? z ????????????????????? x ??????
???? [17]?
x =
z
w
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? 3?
?????????????????
???????????????
3.1 ????
???????????? 3D ????????????????????????????
?????????????????????????? 3 ????????????????
?? 3???????????????????? [13{16]???????????? 3????
????(1)???????????????????????? (CGH: Computer-Generated
Hologram) ?????(2) ??????????????????????? (SLM: Spatial
Light Modulator) ????????????????????(1) ? CGH ?????????
???? 3D??????????????????????????????????????
3D??????????????????????????? 3?????????CGH??
??????????????????? 3?????????????????????? [47,
48]??????????????????????? [49]??????????
???????? 3 ?????????????????????????? (integral
imaging) [50{52]????????????????????????????????????
???????????????????????????????? 3???????????
????????? CGH?????????????????????????? [53{62]??
?????3D??????????????????????????????? CGH???
????????????????????????? [59]????????????????
3D??????????????????????????????????????????
???????????????????? [57, 63]????????????????????
????????????????????????????????????????????
?????? 3D???????????????????????? [58, 61]????????
????????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
??????????????????
?????????????????????????????????????? CGH ?
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Main lens Microlens
array
Subject
? 3.1: ???????????: ?????????????????????????????
?????????????????????????????????????????
? 3.2: 4D????????: ????????????????????? L(u; v; s; t).
???????????????????????????????? (plenoptic camera)??
???????? (main lens)??????????? (microlens array)???????????
??? (? 3.1)?????????????????????????????????????
[64{66]?????????????? 3.2 ???? 4D ???????? L(u; v; s; t) ??? [9,
67]????????????? (u; v) ????????????? (s; t) ??????????
???????????????????????????????????????????
????????????????????????????????????????????
???????Lytro?? Lytro???? Raytrix? R??????????????????
????????????????????????????????????????????
????????????????????????????????????????????
????????? CGH ???????????????????????????????
??Lytro???? CGH?????????? CGH???????????????????
????????????????
9
??????????????????????????? CGH ?????? Lee ???
? [60] ????????Lee ??????????????????????????? (sub-
aperture image)????????????????????????????????????
????????????????????????????????????????????
??????????????????????Lee????????????????????
????????????????????????????????????????? Lytro
??????Lytro???????????????????????????????????
????????????????????????????????????????????
?????????????Lee???????????????Lytro???? CGH????
????????????????????? Lee????? Lytro?????????? CGH
???????????????????????????????????????????
Lee?????????????????????????????? [57, 58]????????
????????????????????????????????????????????
??????????????????????????
3.2 ??????????????? CGH??
????????????????????? Lytro???? CGH????????????
???????????? CGH ?????????????????? Lytro ???????
????????? CGH????????????????????????
3.2.1 ??????????? CGH??
? 3.3???????????????? CGH?????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
??????????????????????CGH???????????????????
CGH??????
?????????????????? Lytro????????????????? CGH??
????????? (RS: Ray-Sampling)??????? [57, 58]??????RS??????
????????????????????????????????????????????
????????????????????????????RS??? 3.2? uv??????uv
????????????????????????????????????????????
????????????????????? RS????????????????CGH??
??????
??????? RS? (uv ?)?????????????????????????????
????? uv?????????????? st??????????????????????
?????? uv??????? st????????????????????????????
???????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
uv ??????? st??????????????????????????????????
10
Light field = Sampled rays on RS plane
CGH plane
Reference beam
3D Object Main lens Microlens
array
Sensor
Capturing a light field
with a light field camera
CGH calculation
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image
? 3.3: ??????????????? CGH??: ???????????????????
??????????????? (????????) ???????????????????
?????????????????????CGH??????
??RS????????????????????? (? 3.3)????????????? CGH
?????RS????????????????????? RS??????????????
?????????????????? [57, 58, 63]?????????????????????
RS??????????????????????????????????????????
???????????????????????????????????????? CGH?
????????????????????????????????????????????
???????????????????????
??????????? RS?????????????????? CGH?????????
????????
1. ??-????: ????????? RS????? (??????)??????
2. CGH??: ????????????????? CGH??????
???? 1???-?????????? 3.4???*1???????????? (u; v)???
??????????????? (sub-image)????????? (u; v)???????????
???? (u; v)?????????????????????? Lu;v(s  u; t  v) = Lu;v(s0; t0)
??????????????????
Uu;v (x
0; y0) = Uu;v(x  u; y   v) = F2
q
Lu;v(s0; t0) exp [ju;v(s0; t0)]

???????????????F2fg? 2????????????exp [u;v(s0; t0)]????
???????????????????????????????????????????
*1 ??-????????????? A????
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FFT
Random
phase
Light field Wavefront
Ray-wavefront conversion
? 3.4: ??-????: ???? Lp;q ???????????????????????????
Up;q ??????????????????????????????????????????
???????????????????Lp;q = Lup;vp , Up;q = Uup;vp ??????
????????????????????? [68] ???????????????????
u;v(s
0; t0)? [0; 2)??????????????????????????????????
????????????????????????? RS ???????????????uv
????????????? (???????????)? u, v?????? (???????
???)? Nu, Nv ?????
U(x; y) =
Nu 1X
p=0
Nv 1X
q=0
Upu;qv(x
0; y0) =
Nu 1X
p=0
Nv 1X
q=0
Uup;vq (x
0; y0)
??????????
?????? 2??????????????? RS???????? 3.3???? CGH??
????????????CGH???????????????????????? (2.3)??
?????????????????RS??? CGH???????????????????
??RS?? CGH?????????????????????????????? [57]???
??CGH???????????????????CGH????????????
3.2.2 Lytro???????????????
???????????????????? First Generation Lytro Camera ?????? 3.1
? Lytro ???????Lytro ?????? 3,2803,280????????? 1:4 µm ? CMOS
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? 3.1: Lytro???????
Product name First Generation Lytro Camera
Size 41mm 41mm 112mm
Weight 214 g
Resolution 3,2803,280
Pixel pitch 1:4 µm
Microlens array Hexiagonal shape, 10-pixel diameter (14 µm)
Data format Light Field Picture (.lfp)
? 3.5: Lytro?????RAW??: ??????????????????????????
????????????????????????
????????????????? 12 bit???????????????????????
????????? 10????? (14 µm)??????????????? 330 380????
????????????????????????????????Lytro ????????
? LFP (Light Field Picture)??? LFR (Lytro RAW)?????????????????
?????????????????? RAW??? JSON (JavaScript Object Notation)??
??????????????LFP???????????????????????????
?????? [69]???????lfptools[70]??????????? LFP??????????
RAW????????? 3.5????? RAW?? (???????)????
Lytro????? RAW??? CGH?????????????????????????(1)
????(2)?????????(3)????????????????????????????
??????
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(a) (b) (c) (d)
? 3.6: ???: (a) RAW?? (???????????), (b) ?????, (c) ?????, (d) ?
?????????.
???
Lytro????????????????????????????????????????
???????????????Lytro ?????????? JSON ????????????
??? 3.6 (a)?????????????????????????????????????
4????????????? OpenCV[71]? cvtColor????????
???????????????????????????????????????????
???????????????????? JSON????????????????????
???????? 3.6??RAW?????????????????????????????
???????????????
????????
Lytro???????? RAW???? 3.5????????????????????RAW
????????????????????????????????????????????
???Lytro??????????????????????????? [69, 72{74]??????
???????????? JSON????????????????????????????
?????????????? 3.7????????????????????????????
???????????10 10?????????? 330 380??????????????
????????????????????????????????????????????
?? 8 8???????????????
?????????????
Lytro???????????????????????Lytro??????????????
??????????????????? 3.8 ??????????????????????
CGH??????????????????????????????????? (? 3.8)??
????????????????????????????????????????????
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? 3.7: ??????????????: ?????????????????????????
Sub-image
Hexagonal sampling pattern Orthogonal sampling pattern
Light field rendering
(linear interpolation)
Synthetic
sub-image
Spatial sampling point Spatial sampling point
? 3.8: ?????????????: ??????????????????????????
?????????????????
[67]????????????????????????????????? 330 380????
?????????????????????? 240 240????????????CGH??
?????
???????????????????????????????????????????
????????????????????????????????????????????
?????????????????????? [75]????????????????????
??????????????? [76, 77]?????????????????????????
?????????????????????????????????
3.3 CGH????
???????? CGH?????????????????Lytro????????????
? CGH??????? CGH???????????????????????????????
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(a)
(b)
? 3.9: Lytro????? (??): (a) ??????????????????????????
??? Object 1, Object 2?????Lytro?????? 100mm, 500mm ????????(b)
Lytro????????? RAW???Object 1??????????????
3.3.1 ????
? 3.9? Lytro????????????????????????????? 2??????
Object 1, Object 2?????Object 1 ? Object 2? Lytro?????? 100mm, 500mm?
??????????Lytro??????????Lytro??????????????????
????Object 1??????????????????
RS?????????????????????????????????????????
?????????????????????????????????????????? 1?
? CGH??????????? [58]???????? Object 1??????????????
?????????????????????? 3.2????????????????????
????????????? (axial magnication) ???? (lateral magnication) ?????
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? 3.2: CGH???? (??): RS?? CGH???????????????????????
Wavelength 513:8 nm
Sampling pitch 8:0 µm
Number of pixels 1,9201,920
Distance between RS and CGH planes 500mm
Hologram type Kinoform, 8-bit depth
???????????????????Object 1? Object 2???????????????
??????????????????????? 3.2???????????? CGH???
???? 3.2 ? CGH ????????????????CGH ?????RS ??CGH ???
??????????? 8:0 µm???????? 513:8 nm????RS?? CGH??????
500mm????????????????? [27]????????? CGH?????????
????????????????????????????? [78]??? CGH??????
????
? 3.10????????????????????????????? 3.10 (a), (b)????
? CGH?? 500mm, 505mm?????????????????????????? 3.9??
??????????CGH???????????????????????????????
??????????????????????????????? 3.10 (a)???Object 1?
???????????????Object 2??????????? 3.10 (b)???Object 1??
?????Object 2??????????????????????????????????
?????????????
????
? 3.11?????????????????CGH?????????????Holoeye???
???? SLM??? PLUTO??????PLUTO? 1,9201,080????????????
?????? 8:0 µm???????? CGH? 1,9201,920??????????1,9201,080
?????????????? SLM????????????? 513:8 nm?????????
??????????????????????Object 1 ? Object 2 ???????????
????????CGH??????????????????????????? Object 1?
Object 2???????????????????????????????????
? 3.12????????????????????? 3.12 (a)? Object 1 ????????
????????? 3.12 (b)?? Object 2????????????????????????
????????????????????? 3.12 (a)?? Object 1????????????
???????Object 2??????????????? 3.12 (b)???Object 2??????
?????????????Object 1??????????????????????????
????????????????????????????
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(a) (b)
? 3.10: ????? (??): (a) CGH ?? 500mm ?????????????(b) CGH ??
505mm?????????????
Convex lens
(focal length 300mm)
Collimator lens
Laser diode
(wavelength 513.8nm)
SLM Beam splitter
1250mm
Reconstructed
image
z
? 3.11: ????? (??)?
3.3.2 ?????
? 3.13? CGH??????????????????????????? RGB?????
?????????????????????? CGH???????? CGH????????
????????????????? RGB?????????????????????
? 3.14? Lytro????????????? RAW????????????????????
???????????????????????????????? 2?????? Object 1,
18
(a) (b)
? 3.12: ????? (??): (a) Object 1????????????(b) Object 2??????
????????????????????
RGB LF RGB CGH RGB 3D imageColor LF Color 3D image
? 3.13: ??? CGH??: RGB????????? CGH????????????????
?????????????????????
Object 2?????Object 1? Object 2? Lytro?????? 50mm, 600mm??????
?????Lytro ??????????Lytro ??????????????????????
Object 1??????????????????
??????????????? CGH????? 2.2???????????? CGH???
???? 3.3? CGH????????????????CGH?????RS??CGH????
?????????? 8:0 µm???????? R, G, B ???? 638:9 nm, 513:8 nm, 487:3 nm
????RS ?? CGH ?????? 200mm ????????????????? [27] ???
?????? CGH ??????????????????????????????????
???? [78]??? CGH??????
????
? 3.15????????????????????????? 3.15 (a), (b)????? CGH
?? 199mm, 209mm?????????????????????????????????
??????????? 3.14??????????????????????????????
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Object 1Object 2
600 mm 50 mm
Lytro
z
y
(a)
(b)
(c)
? 3.14: Lytro ????? (???): (a) ????????????????????????
????? Object 1, Object 2?????Lytro?????? 50mm, 600mm????????
(b) Lytro????????? RAW???Object 1??????????????(c) ????
????????????
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? 3.3: CGH???? (???): RS ?? CGH?????????????????????
??
Wavelength R: 638:9 nm, G: 513:8 nm, B: 487:3 nm
Sampling pitch 8:0 µm
Number of pixels 1,9201,920
Distance between RS and CGH planes 200mm
Hologram type Kinoform, 8-bit depth
(a) (b)
? 3.15: ????? (???): (a) CGH?? 199mm ????????????? (b) CGH?
? 209mm ?????????????
?????? 3.15 (a) ???Object 1 ????????????????Object 2 ?????
?????? 3.15 (b)???Object 1???????Object 2???????????????
????????????????????????????????
????
? 3.16????? RGB?????????????? 3????????????????
?????????????SLM ??????????? Holoeye PLUTO (???? SLM,
1,9201,080 ?????8:0 µm ???????) ????????? CGH ? 1,9201,920 ??
????????1,9201,080?????????????? SLM?????????????
?? R(638:9 nm), G(513:8 nm), B(487:3 nm) ??????????????????????
4f ???? 0??????????????????????????????
? 3.17 ????????????? 3.17 (a) ? Object 1 ????????????????
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zReconstructed
image
Fourier
transform lens
FilterFourier
transform lens
Beam splitterSLM
Collimator lens
Laser
- R: 638.9 nm
- G: 513.8 nm
- B: 487.3 nm
300 mm300 mm300 mm 300 mm
? 3.16: ????? (???).
(a) (b)
? 3.17: ????? (???): ?????? RGB???????????????????(a)
Object 1 ????????????(b) Object 2 ????????????
? 3.17 (b) ?? Object 2 ?????????????????????????? 3.17 (a) ?
? Object 1???????????????????Object 2???????????????
3.17 (b)???Object 2???????????????????Object 1 ?????????
????????????????????????????????????????????
????
3.4 ???
??????????????????? CGH?????????????????????
???????????? Lytro ????????????????????????????
??????????????RS????? CGH??????? CGH??????????
????????????Lytro?????????? CGH????????????????
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????????????????????????????????????????????
????????????????????????????????????????????
?????????? CGH??????????????????????????
??? CGH?????????????????????????????????????
?????????????????????????????
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? 4?
?????????????? GPU?
??
4.1 ????
??????? (compressed sensing, compressive sensing, compressive sampling)?????
????????????????????????? [11, 79{83]??????????????
????? 0???????? (?????)????????????????????????
???????????????????????????????????? Nyquist-Shannon
????????????????????????????????????????????
??? (?: ???????)???????????????????????????????
????????????????????????????????????????????
??????????????????????????
??????????????????????????????????????????
?????????????????? (compressive imaging)??????? [84{87]????
????????????????????????????????????????????
? [88, 89] ???????????????????? DMD (Digital Micromirror Device) ?
????????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
??????????????????????????????? [90]????? [85, 91]??
?????????????? [92] ???????????????????????????
????MRI (Magnetic Resonance Imaging)[93, 94]????MRI????????????
????????????????????????????????????????????
???????????? [95, 96] ????????? [97] ????????????????
????????????????
???????????????????????????????????????????
???????????? (compressive holography)????????? [98, 99]???????
???????????????Brady???????????????? 3?????????
(??????????????)[12, 98, 100, 101]?????????????????????
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3????? 2???? (?????)????????????????????? 3?????
???????????????????????????????? 3???????????
??????? [102]????????????? [103]?single exposure in-line (SEOL) ???
?????????? [104]???????????????????????? 3??????
????? [105]???????????Rivenson????????????????????
????? (?????????????????)[106, 107]????????????????
???????????? [108]?????????? [109{111]????????? [112{114]?
????????? [115] ???????????????????????????????
?????? [116, 117]?optical scanning holography????????????? [118]???
???????????? [119, 120]???????????????????? [98, 121]???
??????????? [122{125]????????????????????????????
[126]???????????
??????????????????????????????????????????
???????????????????????????????????????????
??????????????? L1???????????????????????????
????????????????????????????????????????? 3 ?
?????????????????????????????????????3 ?????
1,0001,00010 ???????????????????? 1,000 ????????????
???????????????????????????????????????????
???????????????????????????????????????????
????
????????????????????????????????GPU (Graphics Pro-
cessing Unit) ??????????????????GPU ???????????????
???????????????????????????????GPU ?????????
???????????????????????????????????????????
?? GPGPU (General-Purpose Computing on GPUs) ??? [127{129]?GPU ??????
?????????????????????????????????????SIMD (Single
Instruction Multiple Data) ???????????????????????????????
???????????????????????????GPU ??????????????
?????????????????????????? GPU ???????????? (?:
MRI [130, 131], Optical Coherence Tomography[132], ???????? [133, 134]) ?????
????????????????????????????????????????????
?????????????????????????????????? GPU???????
?????????????????????????
4.2 ?????????????
????GPU???????????????????????????????????(1)
???????????????????(2)???????????????????????
???????????????????????????????????????????
?????????????????????????
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Complex field Fresnel diffraction Sub-sampled fieldMask
? 4.1: ????????????????: ??? x???????????????????
R?????????????.
4.2.1 ?????????????????
????????????????? (compressive Fresnel holography)[106] ???????
????????????????????????????????????????????
??????????????????????????? 4.1???????????????
?????????????N ?????????????? x 2 CN ???????????
??M(M < N)????????????? R 2 CMN ????????????????
???? y 2 CM ??
y = RHx = RF PzFx (4.1)
??????????H 2 CNN ????????????????? (Toeplitz matrix) ?
???2???????? F??? z ????????? Pz?2????????? F  ???
??????? y ????? x????????M < N ??????????????????
??? x???????????????????????????????????????
???????????? y ??????????????????????????????
Rivenson??????? DH[135]?????????????? y ?????????????
????????????????? [106]?
??????????????????????????????????????????
???????????????????????????????????? (?: ????
?)[109]?????????????? R????????????????????????
?????????????? [108]???????????????????????????
???????????????????????????????????????????
????????????????????MRI ? CT ????????????????
26
???????????????? [93, 94]????????????????????????
????????????????????????????????????????????
????? z ??????????????????????????1???????????
????????????????????????? z ?????????????? [107]?
z  z0 = Nx
2
0

????x0 ???????????????????????????? z ????????
??????????????? [107]??????????????????????????
??????
???????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
?????????????????????????????? [107]?
4.2.2 ??????????????
?????????????? (holographic tomography)[12, 100] ???compressive holog-
raphy*1???????????????????? 3???????????????????
??????????????????????????????? 3????????????
????????????????????????????????????????????
???? 2?????????????? (twin image, ?????? conjugate image) ???
?????????????????????????????????????3??????
?????????????????????????? 3?????????????????
????????????? Denis ????????????? [102]????????????
?? [101, 136]????????
? 4.2 ???????????????????? 3 ???????????????3 ?
?????????????????????????????????????????
??????????????????????????????????????????
Nx Ny Nz = Nxyz ???????????????????? Nx Ny = Nxy ?????
?????????? z ??? 2????????? xz 2 CNxy ?????????? z = 0?
??????????????? uz 2 CNxy ???????????
uz =Hzxz = F
PzFxz
??????Hz ??? z ?????????? Pz 2 CNxyNxy ??????????????
?????? F 2 CNxyNxy ? 2??????????????? 4.2???????????
???????????????????????????? 1; : : : ; Nz ???? 2??????
*1 ??????????????????? (compressive holography) ???????????????????
?????????????????????
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? 4.2: ???????????: 3????????????????????????????
?????
??????? x1; : : : ;xNz ???3???????? x 2 CNxyz ?
x =
26664
x1
x2
...
xNz
37775
?????3?????????????????????? u 2 CNxy ???????????
u =Hx =

H1 H2    Hz

x = F PFBx (4.2)
?????? P 2 CNxyNxyz ??
P =

P1 P2    PNz

?? FB 2 CNxyzNxyz ?????? 2???????????????????????
FB = bdiag (fF ;F ; : : : ;F g) =
26664
F
F
. . .
F
37775
????bdiag (fA1;A2; : : : ;ANg)??????????? fA1;A2; : : : ;ANg???????
?????????????????????? g 2 RNxy ????? u???? r ?????
??????????????
g = jr + uj2 = 2Re (r  u) + jrj2 + juj2
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????Re ()???????????????????juj2 ???????????????
??????????????????????????????????????????? 1
???????????? jrj2 ?????????? DC?????????????????
????????????? [137]???????????????????? y 2 RNxy ???
?????????
y = g   1 = 2Re (u) + juj2 (4.3)
??????????????????????????????? juj2 ?????? (model
error) e????????????????????????????????????????
????????
y = 2Re (Hx) + e (4.4)
????Re??????????????????? (4.4)???????????????
???????????? y ?? 3?????? x???????????????????
????? (Nxy < Nxyz)?????????????????????????3??????
?? x?????????????????????????????????????????
???
???????????? juj2 ?????? e?????????????????? (???
??????? [12]???)????? juj2 ??????? x-y ???????????????
????????????? x-y ???????Hz
u2?????????????????
????????????????????????????????????????????
???????? (z = 0)????????????????????????? x0 ?????
???? x???? (x = [xT0 ;xT1 ; : : : ;xTNz ]T)??????????????????? x0 ?
?????????? x1; : : : ;xNz ???????????????????????? juj2 ?
?? e???????????????????????? juj2 ??????????????
? z = 0???????? x0 ?????? x????????????
4.3 ???????????
???????????????????????????????????????????
?????????????????????????????
minimize
x
1
2
kAx  yk22 + R(x) (4.5)
??????? x 2 CN???????????????????? A 2 CMN??????
? y 2 CM ?????????????????????? R??????????  ????
???? R ??? L1 ??????? (TV: Total Variation) ???? [138]?TV ?????
????????????????????????????????? [139]?2 ???? (?
?)X 2 RNxNy ???????? x 2 RNxNy ?????????????? (isotropic)TV?
????????????
TV (x) =
NyX
j=1
NxX
i=1
q
(Xi;j  Xi+1;j)2 + (Xi;j  Xi;j+1)2
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??? Xi;j ???X ? (i; j)??????????TV??????????????????
?????? x??????????????
TV (x) =
NyX
j=1
NxX
i=1
q
jXi;j  Xi+1;j j2 + jXi;j  Xi;j+1j2
TV??????????????????????????????????????????
??????
4.3.1 ?????????
?? (4.5) ???????????????? (accelerated proximal gradient method)[140,
141]?????????????? (proximal gradient method) ? Nesterov????????
????????????????L1 ????????????? ISTA (iterative shrinkage-
thresholding algorithm)???????????? ISTA?????????????????
????????? FISTA (fast ISTA) ????????
???????????????????????????????????????????
???????????????????????????????
minimize
x
f(x) + g(x)
?????? x 2 CN , ?? f (x), g (x)???????????????????*2?????
????????????????????????????? f(x)????????????
????????? g(x)? L1??????????????????? (????)????
??????????????????????????? (gradient descent) ??????
?????????????????????? f ? g ??????????????????
????? f ?????????????????? g ????????? (proximal mapping,
proximal operator) ?????????????? g ???????????????????
???
proxg (v) := argmin
x

g (x) +
1
2
kx  vk22

?????? v ?????? g ??????????? x?????????????????
??????????????????????????????????
x(k+1) = proxtg

x(k)   trf

x(k)

????x(k) ? k????????t > 0????????????proxtg ??????????
tg (x)??????????????????
proxtg (v) = argmin
x

g (x) +
1
2t
kx  vk22

*2 g ?????? (proper closed convex function)????
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?????????????? g ????????? (closed-form)?????????????
? g ????????????L1???????????????????L1????????
???????????????
????????????????????????????????????????
x(k+1) = proxtg

z(k)   trf

z(k)

s(k+1) =
1 +
q
1 + 4
 
s(k)
2
2
z(k+1) = x(k+1) +

s(k)   1
s(k+1)

x(k+1)   x(k)

????s(0) = 1?????????????? O (1=k)?????????????? O  1=k2
????????
(????) ??????????????? t  1=L (f) ????????????????
??L (f)???rf ???????? (Lipschitz constant)??????????????? u,
v ?????
krf (u) rf (v)k  L (f) ku  vk
?????????????
?? (4.5) ????????? f (x) = (1=2) kAx  yk22 ????????? rf (x) =
A (Ax  y) ??????
krf (u) rf (v)k = kAA (u  v)k
????AA = UU ??????????? U ?????? ????????????
??????????????????? U ?????? (kUxk = kxk)??????
krf (u) rf (v)k = kUU (u  v)k = kU (u  v)k
?????????max ? ????????????
krf (u) rf (v)k  max kU (u  v)k = max ku  vk
?????????? rf ????????? L (f) = max ??????????? (4.5)??
???????? f (x) = (1=2) kAx  yk22 ??????max (AA)???AA??????
??????????????????? t  1=max (AA)???????
4.3.2 L1?????????
?????????? L1??????????????? g (x) =  kxk1 ?????????
??????????????
proxg (x) = S (x)
??? S ?????????????? (soft-thresholding)????????????????
?????????
S (x) := (jxj   ) sgn (x)
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?? sgn??????? (?????????)????????
sgn (x) :=
(
x= jxj jxj 6= 0
0 jxj = 0
?????L1???????????????????????????
x(k+1) = St

z(k)   trf

z(k)

s(k+1) =
1 +
q
1 + 4
 
s(k)
2
2
z(k+1) = x(k+1) +

s(k)   1
s(k+1)

x(k+1)   x(k)

4.3.3 TV?????????
?????????? TV??????????????? g (x) =  TV (x) ???????
????????????
proxg (v) = argmin
x

 TV (x) +
1
2
kx  vk22

(4.6)
????????????????????????????????????????????
????????????????? Beck? Teboulle??????? [142]?????*3???
????????TV???????????????? (gradient projection method)????
????????????
Beck-Teboulle????????????????????????????????????
??????????????????? 2???????? TV?????????????2
????X 2 RNxNy , Y 2 RNxNy ???????????? x, y ???????????
L : RNxNy RNxNy ! RNxNy ????????????
L (p; q)i;j = pi;j + qi;j   pi 1;j   qi;j 1
????p0;j = qi;0 = 0????????? L?????? LT : RNxNy ! RNxNyRNxNy
???????????
LT (X) = (p; q)
????
pi;j =
(
xi;j   xi+1;j (i < Nx)
0 (i = Nx)
qi;j =
(
xi;j   xi;j+1 (j < Ny)
0 (j = Ny)
*3 Beck-Teboulle????????????????? Chambolle??????? [143]????????????
????????
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?????? (4.6)?????????????????????
X(k) = Y   L

p(k); q(k)

(4.7)
p(k+1); q(k+1)

= PP

p(k); q(k)

+
1
8
LT

X(k)

(4.8)
?????? P ??????? PP ?????? P ????? (p; q)????????????
?? PP (p; q) = (r; s)?????????????
ri;j =
pi;j
max
n
1;
q
p2i;j + q
2
i;j
o
si;j =
qi;j
max
n
1;
q
p2i;j + q
2
i;j
o
? (4.8)????????????????????Beck-Teboulle?????????????
?????? Nesterov ????????????????????????????????
???????????????????????????????????????????
PP (p; q) = (r; s)?????????????????????
ri;j =
pi;j
max

1;
q
jpi;j j2 + jqi;j j2

si;j =
qi;j
max

1;
q
jpi;j j2 + jqi;j j2

???? x?????? (4.7), (4.8)???? NTV ?????? D (x; NTV)?????TV
???????????????????????????
x(k+1) = Dt

z(k)   trf

z(k)

; NTV

s(k+1) =
1 +
q
1 + 4
 
s(k)
2
2
z(k+1) = x(k+1) +

s(k)   1
s(k+1)

x(k+1)   x(k)

4.3.4 GPU?????
?????????? GPU?????????????????????? NVIDIA???
????GPU????????????????????????????? CUDA (Compute
Unied Device Architecture) ????? (????????? 4.4, 4.5????)?CUDA??
???????????GPU ????????????????? (host) ?????????
GPU??????? (device)??????????????????????????????
? (kernel)??????? CUDA????????????????????????????
????????????????????????????????????????????
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Memory
Core
Global memory
Memory
Host
Device1. Data transfer
(Measurement, Sensing matrix)
3. Data transfer
(Solution)
2. Execute kernels
(NAPG iterations)
1. Gradient computation
2. Proximal map
3. Update variables
Kernels
? 4.3: GPU????????????: (1) ???????????????????????
?????????(2) ?????????????????????? NAPG ??????(3)
???????????????????????
???????????? SIMD????????????????????????????
?????????????????????????GPU????????????????
?????
GPU???????????????????? 4.3???????????? y ?????
??? A???????????????????????????????????????
????????????????????????????????????????????
???????????????-?????????????????????????????
????????????????????????????????????????????
?????????????????????-??????????????????????
????????????????? 3 ?????????? (??????????????
?)??????????????????? rf (x) = A (Ax  y) ????????????
? A?????????????????????????????????????????
????????????????????????????????????? 4.4, 4.5???
????????????????L1??????????????TV???? Beck-Teboulle
???????????Beck-Teboulle??????????? (4.7), (4.8)?????????
????????????????????????????????????????????
????????????????????????????????? s, z ????????
????????????????????????????????????????????
????
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? 4.1: ???? (?????????????????): GPU-CH2?? CPU-CH2?????
?????
GPU-CH2 CPU-CH2
Processor
NVIDIA GTX TITAN X Intel Core i7-5930K
1 GHz, 3,072 Cores 3.5 GHz, 6 Cores, 12 Threads
Memory
GDDR5 RAM DDR4-2133
12 GB, 336.5 GB/sec 32 GB, 17 GB/sec
Compiler NVCC 7.5.17 (CUDA Toolkit 7.5) gcc 4.8.4 (-O3)
Precision Single (oat) Single (oat)
FFT library cuFFT (CUDA Toolkit 7.5) FFTW 3.3.4
Multi-threading - OpenMP
4.4 ?????????????????? GPU???
4.4.1 GPU??
????????????????? (? 4.2.1?)??????? GPU??????????
????????? TV???????????
minimize
x
1
2
kRHx  yk22 +  TV (x) (4.9)
?? (4.9)?????????? (? 4.3?)??????????????rf ???????
????????????????? (4.1)?????????????
rf (x) = A (Ax  y) =HRT (RHx  y)
??H ?? (4.1)?????????2???????? F???????? Pz?2??????
??? F  ????????????????H(?????????H)?????????
??????????????R?????????????????????????????
?????? (FFT)? O (N logN)????????? O (N)?????????R? O (N)?
???????????????? O (N logN)???????
GPU ?????????? (GPU-CH2) ?? 4.1 ??????????????? CPU
??????????????????????????? CPU ?????? (CPU-CH2)?
GPU-CH2 ? NVIDIA GTX TITAN X ??????????????????FFT ????
NVIDIA??? FFT???????? cuFFT??????CPU-CH2 ? C++ ???????
FFT???? FFTW?????OpenMP??????????? (12????)??????
?????????????? (oat) ??????GPU-CH2 ???? CPU-CH2 ?????
????????????
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? 4.2: ???? (?????????????????): TV??????????? (NAPG =
400, NTV = 10)?10????????????GPU-CH2???????????? CPU-CH2
?????????
Pixel count GPU-CH2 [sec] CPU-CH2 [sec]
128 128 0.090 (8.03) 0.721
256 256 0.141 (25.7) 3.636
512 512 0.463 (23.8) 11.03
1,024 1,024 1.851 (22.3) 41.36
2,048 2,048 7.178 (30.4) 218.0
4.4.2 ????
GPU??????????????????? (? 4.2,? 4.4)???????GPU-CH2, CPU-
CH2??? 10????????????????????????????? NAPG ? 400?
???? (NAPG = 400)?TV??????? Beck-Teboulle???????????? NTV ?
10?????? (NTV = 10)???????????????????????????????
???????????????????????????NAPG ??????????????
??????????????????????N = 128128; 256256; 512512; 1,0241,024
????? 4.2?????????????? (N  256  256)???GPU-CH2? CPU-CH2
????? 20{30 ??????????????????????? (N  128  128) ??
CPU{GPU????? GPU??????????????????????????????
?? 8????????
? 4.4???????????????????? 4.4???GPU-CH2??????????
???????????????????????????????????????CPU-CH2
??????????????????????????Nxy = 2048 2048?????????
??????????? CPU-CH2???????????????????????????
????
GPU-CH2??????????????????? 4.5????? 4.5 (a)? 5??????
????? (??? 0)???????????? x??????????????512  512?
????8:0 µm????????????? y ??????? z = 100mm?????????
??? 20%???????????????????? 4.5 (b)? TV???????????
??????????????????????????? y ???????????????
??????? 4.5 (c)????? 4.5 (a)???????????? 4.5 (b), (c)? PSNR (Peak
Signal-To-Noise-Ratio) ??????????????????? 4.5 (b) ??? PSNR ???
??????TV???????????????????????Pepper (4??)?????
????????????????????Baboon (2??)????????????????
??????????
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? 4.4: ???? (?????????????????): TV??????????? (NAPG =
400, NTV = 10).
4.5 ??????????????? GPU???
4.5.1 GPU??
?????????????? (? 4.2.2?)??????? GPU?????????????
?????? L1??? TV???????????
minimize
x
1
2
k2Re (Hx)  yk22 +  kxk1 (4.10)
minimize
x
1
2
k2Re (Hx)  yk22 + 
NzX
i=1
TV (xi) (4.11)
L1???????????????????????????????????? TV????
??2???????? TV????????
?? (4.10)??? (4.11)?????????? (? 4.3?)?????????????? rf
????????????????????? (4.4)?????????????
rf (x) = 2H (2Re (Hx)  y)
??H ?? (4.2)????????????? 2???????? FB?????????? P?
2 ????????? F  ????????????????H(?????????H) ??
?????????????? (? 4.6)???? 4.6???????? FB ? P ????????
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(a)
(b)
(c)
28.5 dB 21.3 dB 24.2 dB 27.8 dB 22.0 dB
30.8 dB 21.9 dB 26.7 dB 33.3 dB 23.3 dB
433 nm 466 nm 538 nm 573 nm 610 nm
? 4.5: ????????????? (?????????????????): (a) ?????? x
(?? 0, 512 512?????8:0 µm????????????????????)?(b) TV??
????????????(c) ???????????????????(b), (c) ???????
? z = 100mm???????????? 20%???????????????? y ?????
????????? PSNR????
???? xz ?????????????? (???????)????????????????
??????????????? GPU????????????????????????
GPU?????????? (GPU-CH3)?? 4.3??????????????? GPU??
????????????????????????? CPU?????? (CPU-CH3)?GPU-
CH3? NVIDIA GTX 980??????????????????FFT???? NVIDIA??
? FFT???????? cuFFT??????CPU-CH3? C++???????FFT????
FFTW ?????OpenMP ??????????? (8 ????) ?????????????
GPU ?????????????????????????? (oat) ??????GPU-CH3
???? CPU-CH3 ?????????????????
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2D slice
3D object
Transfer functions2D-FFTs 2D-IFFTSumx
y
z
x
y
? 4.6: ???????H ???: ??H ?????? 2???????? FB???????
??? P?2????????? F  ?????????????????.
? 4.3: ???? (??????????????): GPU-CH3?? CPU-CH3????????
?.
GPU-CH3 CPU-CH3
Processor
NVIDIA GTX 980 Intel Core i7-4790K
1,126 MHz, 2048 Cores 4 GHz, 4 Cores, 8 Threads
Memory
GDDR5 RAM DDR3-1600
4 GB, 224 GB/sec 32 GB, 12.8 GB/sec
Compiler NVCC 7.5.17 (CUDA Toolkit 7.5) gcc 4.8.3 (-O3)
Precision Single (oat) Single (oat)
FFT library cuFFT (CUDA Toolkit 7.5) FFTW 3.3.4
Multi-threading - OpenMP
4.5.2 ????
GPU??????????????????? (? 4.4, ? 4.7)???????GPU-CH3??
20????????????CPU-CH3?? 10??????????????????????
??????? NAPG ? 600????? (NAPG = 600)?TV??????? Beck-Teboulle?
??????????? NTV ? 10 ?????? (NTV = 10)???????????????
???????????????????????????????????????????
NAPG ?????????????????????????????????????????
????
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? 4.4: ???? (??????????????): L1 ???? TV ???????????
(NAPG = 600, NTV = 10)?GPU-CH3? 20?????????CPU-CH3? 10??????
??????GPU-CH3???????????? CPU-CH3?????????
Data size L1 regularization TV regularization
Nx Ny Nz GPU-CH3 CPU-CH3 GPU-CH3 CPU-CH3
128 128 10 0.119 (12.2) 1.449 0.548 (18.8) 10.28
256 256 10 0.433 (22.7) 9.818 2.139 (21.5) 46.03
512 512 10 1.930 (22.2) 42.87 8.636 (21.1) 182.5
1,024 1,024 10 7.641 (24.5) 187.5 34.45 (21.6) 743.3
512 512 5 1.074 (20.1) 21.58 4.443 (20.9) 92.92
512 512 20 3.655 (20.0) 73.01 17.04 (20.4) 348.0
512 512 30 5.383 (19.6) 105.3 25.44 (20.3) 516.4
512 512 40 7.108 (16.2) 114.9 33.80 (17.7) 597.3
1. ?????????? (Nz = 10) ????????????????? (Nxy = 128 
128; 256 256; 512 512; 1024 1024)?
2. ???????????? (Nxy = 512  512) ??????????????? (Nz =
5; 10; 20; 30; 40)?
? 4.4???L1????TV?????????GPU-CH3? CPU-CH3????? 20???
????????? 4.7 ???????????????????? 4.7 (a) ???GPU-CH3
??????????????????????????????????????????
????? 4.7 (b) ???CPU-CH3 ??????????????????????????
Nxyz = 512 512 40???????????????????????Nxyz = 512 512 40
???? GPU-CH3? CPU???? (L1: 16.2?, TV: 17.7?)?????CPU-CH3????
???????????
GPU-CH3??????????? 1????????????????????? (? 4.8)?
??????????????? Nx Ny Nz = 1024 1024 10????? 4.8?????
????????????????????????????? 1??????????????
??????????????? NAPG ??????????????????? NAPG ???
??????????????TV???????????????? 1?????? NTV ??
???????????????????? NAPG NTV ?????????????????
? 4.4?????? (NAPG = 600, NTV = 10)??????????? 5:53 sec, L1?????
? 0:884 sec, TV?????? 27:7 sec, ?????? 1:20 sec????????????????
14:7ms????????????L1????????????????????TV?????
????????????????
???????????????? (L1???: ?????TV???: ????)?????
?????????????????????????????GPU ??????????
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(b)
CPU, L1, Nz=10
CPU, L1, Nx=Ny=512
CPU, TV, Nz=10
CPU, TV, Nx=Ny=512
? 4.7: ???? (??????????????): (a) GPU-CH3 ??????(b) CPU-CH3
??????NAPG = 600, NTV = 10.
Data transfer
(to device)
Data transfer
(to host)
Transfer
function
Gradient
computation
Proximal map
(L1, soft)
Proximal map
(TV, 1 GP)
Update
FISTA variables
0
2
4
6
8
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14
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s]
? 4.8: ???????? (GPU-CH3): ?????? 1,0241,02410 ??????????
???? 1???????????????????????????????????????
???????????? 1???????????????????????????? NAPG
????????????????? NAPG ?????TV?????? 1?????? NTV ?
??????????????????? NAPG NTV ?????
(compute resource utilization)?? 20%?????????? (memory bandwidth utilization)
?? 75%????????TV????????????????????????? 26%??
?????????? 76% ??????????????????????????????
??????????????????????????????????????????
????????????????????? 4.3 ???CPU ???????? 12.8 GB/sec
(DDR3-1600)?GPU ???????? 224 GB/sec (GDDR5) ??????????????
???????????????????????????????????????????
??????????????224=12:8 = 17:5 ?????????????????????
?????? 20 ???????????????????????????????????
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???????????????????????? (latency) ???????????????
Nxyz = 64  64  5 ??????????????????????? 25% ????????
???????????????????????????????????????????
???????????????????????????????????????????
????TV ?????????????????????????????????????
???????????????????????????????????????? (texture
cache)??????????????????????????????
GPU-CH3??????????????????? 4.9????? 4.9 (a)? 3??????
?????????????? Nx  Ny  Nz = 1,024  1,024  5 ????????????
???????? 9:0 µm????????? 2:0mm ???????????????????
???? (10  10 ???????90 µm  90 µm) ????? 4 ??????????????
Shepp-Logan phantom (256 256???????2:3mm 2:3mm) ????????????
???????? (?? 633 nm)??????????????????????? 1,0241,024
????????????? 9:0 µm ????????????? z = 100mm ???????
??????????????????????? (4.3) ?????? DC ????????
4.9 (b) ? (c) ?????????????????????????????????????
???????? (? 4.9 (b)) ?????????????????????????????
?????????????????????????????? (? 4.9 (c)) ???????
??????????? 4.9 (a)????????????????????????TV???
( = 0:01, NAGP = 1,000, NTV = 10)??????????????????? GPU-CH3?
29 sec?CPU-CH3? 597 sec????20???????????
4.6 ???
????????????????????????? GPU???????????????
???????????????????????????????????????????
????????????????????????????????????L1??? TV?
???????????????????????????????????????????
???????????????????????????????????????????
CPU????? 20??????????????????????????????? GPU?
???????????????????????????????????????????
????????????????????????????????????????????
????
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???????????(c) ???????????????????????? (TV ????
 = 0:01, NAGP = 1,000, NTV = 10)?
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? 5?
??
???????????????????????????????????????????
????????????????????????????????????????????
(1)??????????????????????????? (? 3?)?(2)????????
??????????????? (? 4?)???????
??????????????????????????????????????????
??????????? Lytro?????????????Lytro????????? 3????
????????????????????????????????????????????
??????? Lytro????? RAW????????????????????? (????
??????????????????????)?????????????????????
???Lytro??????????????????????????????????????
????????????????????????????Lytro?????????????
????????????????????????????????????????????
????????????????????????????????????????????
????????
???????????????????????????????????????????
??????????????????????????????????????? GPU??
????????????????? L1??? TV????????????????????
????????????????????? GPU????????????????????
????????????????????????????????????????????
?????????????????????????? 20{30 ??????????????
???????????? 20??????????????????????????????
GPU?????????????????????????????????????????
????????
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?? A
??-????
????????????????????????-???? (ray-wavefront conversion) ?
?????-??????????????????????????????????????
?????? [27]????????????????????????????????????
??????????????-??????????
? A.1???????xy ?????? (u; v)????????????? U(x; y)?????
????????? (s; t)????????? Uu;v ?????????????????????
????????????? (x0; y0) = (x  u; y   v), (s0; t0) = (s  u; t  v) ????????
? Uu;v(s0; t0)???????????
Uu;v(s
0; t0) = C(s0; t0)
ZZ 1
 1
U(x; y)P (x0; y0)e j
2
f (xs
0+yt0)dxdy
= C(s0; t0)F2 fU(x; y)P (x0; y0)g

s0
f
;
t0
f

????????f ??????????????C(s0; t0)? jC(s0; t0)j = 1??? 2????
??P (x0; y0)? (u; v)???????????????????? Uu;v(s0; t0)????????
????????????????? U(x; y)P (x0; y0) ??????????????????
????Uu;v(s0; t0) ??????????????????????????????????
??Uu;v = jUu;vj exp(ju;v)???????????????????
U(x; y)P (x0; y0) = F 2 C 1(s0; t0) jUu;v(s0; t0)j exp [ju;v(s0; t0)]	 (fx; fy) (A.1)
??????????????????????????????????????????
???
U(x; y) =
Nu 1X
nu=0
Nv 1X
nv=0
U(x; y)P (x  nuu; y   nvv)
????????u  v ?????????????Nu  Nv ???????????
?????????????????????????????????????????
???? L(u; v; s; t) ????????? jUu;v(s0; t0)j2 ??????????*1???????
*1 ????????????????????????????
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Microlens Sensor
? A.1: ????????????????: ?? (u; v)??????????????????
??????????????
jUu;v(s0; t0)j =
p
L(u; v; s; t)???? (A.1)???????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
?????????????????????????????????
? (A.1)??????????????????????????????????-????
????????????????????????????????? (A.1)????????
???????? (FFT: Fast Fourier Transform)?????????????????????
xs
f
=
1
Ns
;
yt
f
=
1
Nt
(A.2)
????xy, Nx Ny ? xy ? (????)???????????st, Ns Nt ? st
? (??????????)??????????????????? (A.2)?????????
????? f ??????? 2  2 ????????????????????????
tan  =

2x
; tan  =

2y
(A.3)
????????? f ??????x = s, y = t??? FFT?????-???????
???????? (A.3)?????????????????????????
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